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Edited by Ofer Bar-Yosef, Harvard University. Cambridge, MA, and approved February 18, 2011 (received for review January 8, 2010) The invention of agriculture is widely assumed to have driven recent human population growth. However, direct genetic evidence for population growth after independent agricultural origins has been elusive. We estimated population sizes through time from a set of globally distributed whole mitochondrial genomes, after separating lineages associated with agricultural populations from those associated with hunter-gatherers. The coalescent-based analysis revealed strong evidence for distinct demographic expansions in Europe, southeastern Asia, and sub-Saharan Africa within the past 10,000 y. Estimates of the timing of population growth based on genetic data correspond neatly to dates for the initial origins of agriculture derived from archaeological evidence. Comparisons of rates of population growth through time reveal that the invention of agriculture facilitated a fivefold increase in population growth relative to more ancient expansions of hunter-gatherers.
Holocene | Neolithic | Phylogenetics
Beginning as early as 12 thousand years ago (kya), multiple hunter-gatherer populations began developing agriculture and animal domestication. Food production quickly spread to neighboring regions (1) . Discriminating between population dispersal (i.e., demie) and cultural diffusion models of agropastoral expansions has been a central topic in human population genetic research for >20 years. This effort has been complicated by difficulties in dating migratory events, assigning genetic types to geographic origins, and modeling complex demographic models with multiple migration waves.
Recent analyses of genetic variation in European populations have provided support for both types of models. Haak et al. (2) found, via analysis of ancient DNA, that early Neolithic farmers carried a mitochondrial lineage that is extremely rare among contemporary Europeans. They argued that the rarity of this lineage supports a model of cultural diffusion of agriculture, whereby Neolithic dispersals had little effect on the overall gene pool of Europeans. This cultural model can be contrasted with a demie diffusion model whereby agricultural populations from the Near East expanded into and throughout Europe during the Neolithic, initially remaining genetically isolated from indigenous hunter-gatherers. More recent ancient DNA work (3) indicates a "substantial influx'1 of agriculturist individuals from the Near East during the early Neolithic. The demie diffusion model has also been supported by Y-chromosomal, mitochondrial (mtDNA), and autosomal data (4-6) and has found some corroboration in a mixed model incorporating both Near Eastern migration and indigenous European acculturation (7) . This demie vs. cultural diffusion debate is not limited to European prehistory. Recent population genetic research in eastern Asian, Indian, and African populations has generally favored demie diffusion models (8) (9) (10) . However, prior studies were unable to provide concrete evidence of the timing or magnitude of the population growth associated with agriculture, in part because they did not discriminate between lineages of hunter-gatherer and agricultural origin. Given recent suggestive support for demie diffusion models, we designed our study to account for possible separate population histories from indigenous hunter-gatherers and agriculturalists to ask related but previously unaddressed questions: Did the adoption of agriculture and pastoralism affect human population size (11)? If so, how does the rate of growth compare with prior population expansions? The majority of the population genetic research so far has focused on ancient events such as the Out-of-Africa expansion and regional time to the most recent common ancestor (TMRCA) estimates (11) (12) (13) , but very few have used coalescent methodologies to investigate the impact of recent demographic events. Rejection-algorithmbased analyses using Y-chromosomal data support population expansion dating to the Last Glacial Period (LGP), although the wide credible intervals are not inconsistent with population growth during the Neolithic period (11, 13) . Using mtDNA, Atkinson et al. (12) identified the Upper Paleolithic Out-ofAfrica expansion as the defining period of human population growth. However, they were unable to detect expansions during the agricultural period (i.e., the Neolithic). Atkinson et al. attributed this absence to the technical limits of their method. However, if both agricultural and indigenous hunter-gatherer lineages are present in a dataset, the signal of agricultural growth could be masked. Previous coalescent-based sensitivity analysis of Y-chromosome data has shown the confounding effect of complex population history on expansion time inference: Mixed samples will reflect the older expansion event (14) .
Results
To circumvent the problem of older demographic events obscuring recent events (14) , we partitioned sets of major mtDNA haplogroups into three climatic time periods for analysis according to their prior TMRCA estimates: Holocene, LGP, and Upper Paleolithic (0-12 kya, 12-25 kya, 25-50 kya). The time of origin (TMRCA) and time of fastest population growth for a given haplogroup need not, and often do not, coincide (12, 15) . We first sorted mtDNA lineages according to their present geographic distribution, focusing on Europe, southeastern Asia, and sub-Saharan Africa because agriculture was uniquely innovated in each region. Each geographic dataset was divided into two subsets, a Holocene set and a LGP or Upper Paleolithic set. Representatives of multiple major haplogroups were included in each sample set to avoid lineage-specific effects; the inclusion of multiple major haplogroups allows us to identify a common signal of the timing of population growth.
To discriminate between demie and cultural diffusion hypotheses, we required that the Holocene haplogroups be previously associated with an origin in a geographic center of agricultural diffusion (i.e./ the Near East, southeastern Asia, and western Africa). The criteria for haplogroup partitioning were based on previously published research; generally other researchers have argued that haplogroups with greater genetic diversity near the site of agricultural innovation may be associated with demie diffusion (SI Materials and Methods). After assembling the three geographic datasets, we had a total of 425 mtDNA coding region sequences, comprising >6 Mb of sequence data. We then estimated effective population size through time via coalescent Bayesian Skyline plots (16) to infer population size during the LGP and Holocene, and compared our indigenous Paleolithic lineages to Holocene migrants, correcting for the established time dependency (non-clock-like behavior) of mitochondrial mutation rates (17, 18) . As has been shown , the nonparametric Bayesian Skyline approach can resolve recent population growth events (12, (18) (19) (20) (21) . Furthermore, because we combine multiple mtDNA haplogroups for each Holocene/Upper Paleolithic dataset, Skyline analysis could also reflect more ancient events, given that the coalescence of multiple Out-of-Africa haplogroups within a set is generally 40,000-60,000 y ago (22) (Fig. SI) .
European Population Growth. We found that Europeans with Holocene-era haplogroups of proposed Near Eastern origin experienced a major population growth phase during the agricultural transition (Fig. L4 ). Early calibrated radiocarbon dates of Neolithic agricultural remains from eastern and central Europe date to «8,000 ya (Fig. 24) . The genetic-based European Holocene Skyline begins to grow rapidly by 7,700 ya (CI: 6,500-9,000 ya) ( Fig. L4 and Table 1 ), concordant with the timing of the introduction of agriculture to central Europe (outside the Balkans and Anatolia) (23).
• In contrast, our dataset of lineages indigenous to Europe from the LGP does not show the same marked expansion during the agricultural period. Our European LGP dataset shows a relatively slow expansion beginning «12,000 ya ( Fig. L4 and Table  1 ), matching the timing for the Younger Dryas glacial cycle. Expansion from southern refugia «15,000 ya was stalled by this cycle, a short period of intense cold, from «12,900 to 11,500 ya (24) . The expansion of hunter-gatherers from southern Europe following the Younger Dryas supports the hypothesis that the LGP played a role in shaping patterns of European genetic diversity (25, 26) .
African Population Growth. We find two periods of population expansion within our sample of lineages originating during the Holocene in western Africa. Although the majority of coalescent events occur during the Holocene, a number of lineages from this sample also coalesce during the Upper Paleolithic. The earliest growth begins at «38,000 ya (CI: 33,500-45,000 ya) ( Table 1 and Fig. SI ) and the second period begins at «4,600 ya (CI: 3,000-10,000 ya) ( Table 1 and Fig. IB) . The correspondence between the timing of genetic evidence for a sharp increase in population size at 4,600 ya in our Holocene sample of subSaharan Africans and the archaeological evidence for origins of agriculture in western Africa is quite close (Fig. IB and Table 1 ). In contrast, our southern African Upper Paleolithic sample representative of hunter-gatherers shows no growth over the past 20,000 y. We suggest Bantu-speaking farmers and other pastoralist groups migrated throughout southern Africa 2,000 ya (27) without impacting southern African mtDNA lineages (Fig. IB) .
Gignoux et al. Asian Population Growth. Our third region encompasses continental and island Southeastern Asia. Direct archaeological evidence for rice agriculture in southeastern Asia dates to only «4,400 ya in Thailand (28) . Agriculture spread throughout Island Southeast Asia, with evidence of rice in Taiwan again dating to «4,400 ya. Our Southeastern Asian Holocene population size curve indicates expansion beginning «4,700 ya (CI: 3,000-5,700 ya) (Fig. 'C and Table 1 ). Subsequent migrations throughout Indonesia into coastal Papua New Guinea (PNG) and across Polynesia likely allowed for continued population growth up to the present day.
PNG is an independent location of agricultural innovation. Highland PNG populations developed wetland horticulture during the Holocene, by at least 7,000 ya (29) . Our indigenous PNG Upper Paleolithic sample showed no unusual change in growth rate about that time (Fig. 'C and Table 1 ) (30), suggesting there was either no radical change in population size in early PNG populations or, because the small sample of lineages, we were unable to detect recent growth. Our analysis instead suggests that PNG population growth began «26,000 ya, from «1,700 women, and intensified throughout the LGP. Humandirected vegetative burning and the extinction of megafauna in the highlands both occurred during the LGP (31) . The fastest population growth for Upper Paleolithic PNG lineages occurred «14,500 ya, corresponding to the initiation of a stable, global warming interval (24) .
Rates of Population Growth. Our genetic estimates of the rate of population growth during the Holocene period in Europe, southeastern Asia, and western Africa are three to six times faster than earlier population expansions (Table 1) . Our population growth rates compare favorably to those calculated by using other data sets (13, 32) . The European samples show moderate population growth of 0.021% per year beginning 12,000 ya for the indigenous LGP lineages and rapid growth of 0.058% per year during the Holocene (Table 1) . Estimates of growth rates for Holocene African agriculturalists, 0.03%, are lower than estimates for other regions (Table 1) , consistent with Y-chromosomal results (13) . Other researchers have pointed out the difficulty of developing systematic agriculture in sub-Saharan Africa compared with the other regions in our study (27) . When we break down the Skyline curves to examine the growth rate by interval (300-500 y), the maximum growth rates follow a similar pattern ( Table 1) . The maximum growth rates from the Holocene period tend to be three to seven times faster than Upper Paleolithic expansions. Our Holocene population growth rate estimates, coupled with the correlation between population size changes and the onset of agriculture in each region, suggest that the switchto agriculture caused unusually high rates of population growth.
Discussion
Demie Diffusion of Agriculture in Europe. Demie and cultural diffusion models predict different demographic impacts on huntergatherer populations during the agricultural transition. If the indigenous hunter-gather Europeans had adopted agriculture by cultural diffusion, we would expect to see their growth rate accelerate beginning «8,000 ya, as we see for lineages associated with agriculture. However, LGP European growth increases monotonically throughout the entire Holocene and there is no radical change in population growth rate (Fig. 14) . The absence of a distinct Holocene-period expansion suggests that the adoption of agriculture by indigenous hunter-gatherer Europeans was slow at best and did not contribute substantially to the initial geographic and demographic expansion of agriculture in Europe. The samples in our dataset were from European populations living in mainland Europe (Table SI) . If a demie diffusion event had involved massive population movement from the Near East, the European Holocene dataset would show an expansion time before 10,000 ya reflecting the earlier adoption of agriculture in the Near East. The concordance between dates inferred from our genetic data and archaeological dates from central Europe suggests that our European Holocene sample set largely contains lineages that are derived from a founding event of Near Eastern individuals. Thus, a relatively small number of Near Eastern founder individuals had a major genetic impact in Europe! Archaeological evidence suggests that agricultural practices initially spread quickly across the Mediterranean regions of Europe (Fig. 24) , Linear regression on Neolithic archaeological sites across Europe suggests that agriculture diffused at a rate of «1 km/y (23, 33) ; however, this is contingent on a model of constant expansion from a point source in the Levant. Aligning the Holocene population growth rates calculated from Fig. L4 with the earliest archaeological evidence for agriculture at >600 sites in Europe, we can clearly see a two-phase Neolithic settlement of Europe (Fig. 2B) . Initially, population growth in our European Holocene dataset was moderate. Only after agriculture diffused across the Mediterranean regions did population growth begin to accelerate (Fig. 2B) . The fastest rate of European population growth occurred during the intermediate time period, of «6,500-6,000 ya. The later movement of agriculture into the northern latitudes of Europe correlates with a slower growth rate, due to colder climates and/or spatial restrictions.
Our results are consistent with recent publications using ancient DNA to assign the maternal affinities of early agriculturalists and hunter-gatherers. Our LGP European sample includes the U5a and U5bl haplogroups, associated with Mesolithic huntergatherers at the majority of archaeological sites in Bramanti et al. (3) dated to older than 5,000 ya. The presence of similar mtDNA haplogroups in Mesolithic hunter-gatherers and contemporary Europeans supports a model involving (maternal) population continuity, even if this Mesolithic ancestry makes up only a fraction of contemporary European genomes. U5a, U5bl, V, and 3H combined account for »15%* of western Europeans mtDNA haplogroups (7) (Table SI) . Recent ancient DNA evidence has not yet resolved a dispute between models of demie diffusion and cultural diffusion agricultural practices, in part because the sample sizes and geographic sites of the two primary aDNA Neolithic studies are limited (2, 3) .
Demographic Fluctuations in Western Africa. Present-day African farming populations likely trace much of their ancestry to western Africa, given the major impact of the recent expansion of Bantu-speaking farmers throughout much of sub-Saharan Africa (27) . We restricted our selection of Holocene-period African lineages to those originating within western Africa (SI Materials and Methods) in order accurately detect early stages of agricultural population growth. The initial migration of Bantu speakers has been linked to the origins of agriculture (e.g., yam, oil palm) in the Congo Basin of Nigeria and Cameroon. These agricultural products tend to preserve poorly in the African rainforest, complicating precise archaeological dating of the origins of subSaharan agriculture. Evidence for the earliest domesticated pearl millet suggests a date of at least 3,500 ya (34) . Other agricultural indicators, such as clearing of forest for oil palm, suggest western Africans may have begun cultivating food plants 5,000 ya or possibly earlier (27) . The correspondence between a 3,500-5,000 ya origin of agriculture in western African and our estimates of the initiation of population growth among western African lineages at 4,600 ya is remarkably close (Table 1) .
Our data from western African also suggest an early population expansion beginning at «38,000 ya and leveling off «20,000-15,000 ya (Fig. SI) . The earlier expansion may be associated with the initial occupation of western Africa by modern humans, although the date when behaviorally modern humans appear in central/western Africa is debatable. However, our results are concordant with prior research on demographic change in individuals of western African descent. Zhivotovsky et al. (35) found a signature of population expansion in western Africans obtained from the Human Genome Diversity Panel (CEPH-HGDP) occurring at 35,000 ya and estimated from autosomal microsatellite data (35). Marth et al. (36) used >30,000 single-nucleotide polymorphisms (SNPs) to infer ancient population expansion in African-Americans that predated the growth in European and Asian samples. Resequencing data, from 40 unlinked autosomal loci, also indicated population growth in western Africa beginning 25,000-30,000 ya (depending on generation time) (37) . It seems clear that our mtDNA and prior autosomal DNA estimates support a model of population growth in western Africa beginning only «40,000-30,000 ya.
Skyline Analysis Method. We characterize the timing of population growth in haplogroups originating within two broad climatic periods, the Holocene and either the LGP/or Upper Paleolithic, for lineages in Europe, southeastern Asia, and sub-Saharan Africa. We ask whether the time and magnitude of population growth estimates correlates with the transition to agriculture in each region. In theory, our coalescent Skyline analysis could show population growth occurring at any point, or not at all, during the Holocene. Additionally, the combination of haplogroups from divergent lineages in the mtDNA phylogeny (e.g., M and Ν lineages) allows for the possibility that the number of coalescent events could be concentrated in time intervals older than the Holocene. For example, our Holocene West African set of haplogroups shows both a recent expansion at 4,600 ya, consistent with growth at the time of invention of agriculture in central and western Africa; but the same set of haplogroups also shows population growth at 38,000 ya (Fig. SI) . This result illustrates how our division of haplogroups does not restrict population growth to a particular period, as long as representatives from multiple major haplogroups are included in the analysis.
We observe the widening of confidence intervals in estimates of effective population size from «0-1,000 ya ( Fig. 1 A and B) or 0-2,000 ya (Fig. 1C) . This observation suggests that estimates of the timing of extremely recent population growth (within the last 1,000 y) and population size are likely unreliable, given the amount of time needed to accumulate mtDNA mutations. However, in this paper, we asked whether the origins of agriculture (occurring 4,000-12,000 ya) are associated with the timing of rapid population growth in our samples. Over the past «2,000 y, whole mtDNA genomes have accumulated sufficient mutations to estimate coalescent events reliably, based on distribution of 95% confidence intervals ( Fig. 1 and Table 1 ).
Conclusions
To conclude, the Bayesian Skyline method is extremely accurate at detecting relatively recent demographic events when applied to a long stretch of highly polymorphic, well-characterized DNA and corrected for time-dependent variation in mutation rates. To our knowledge, differences in population growth between agriculturalist and hunter-gatherer lineages from the same region have not been directly measured before using genetic data. Using genetic data from European, sub-Saharan African, and southeastern Asian populations, we reconstruct demographic fluctu-ations over the past 50,000 y. Estimates of the timing of rapid population growth during the Holocene strongly correlate with established archaeological dates for the adoption and innovation of agricultural practices (Fig. 1) . Holocene-period population expansions were approximately five times faster than earlier modern human periods. Even during the Holocene, genetic lineages associated with indigenous hunter-gatherers do not show the same dramatic expansion as those associated with agriculture. Although the initial stimuli for the origins of early agriculture appear to be complex, changing modes of food production facilitated a novel capacity for exceptional human population growth.
Materials and Methods
Coalescent Analysis. We took advantage of previously published mitochondrial phylogeographic studies, based on limited sequence data, to gain prior information for building models with larger datasets. To uncover multiple episodes of demographic growth during human prehistory we assembled a dataset of 425 mtDNA sequences. Representatives of different haplogroups were included in each sample set to avoid lineage-specific effects. Where possible, haplogroups derived from both the M and Ν lineages were chosen. We used the BEAST program to create Bayesian Skyline plots, which measure demographic changes in a population via the relative number of coalescent events for serial time periods. Each was run for 40 million steps, well above what is minimally required (16, 21) . Runs were only repeated to refine Skyline parameters for acceptable effective sample sizes values (i.e., >100). Timing of the population growth was calibrated according to a time-dependent curve of mutation rate decline to obtain more accurate dates (38) (see below). We assumed an average female generation time of 30 y (39).
Calibration of Coding Region Mutation Rates. Mitochondrial mutation rate estimates are subject to a time-dependent decay over evolutionary timescales, as pedigree-based rate estimates can be 10-fold faster than phylogenetic-based rate estimates. In prior work (17), we showed that coding region substitution rates varied with time in a two-phase process: first following a first-order decay from the pedigree mutation rate, and then approaching an equilibrium phylogenetic rate. We fit the coding region sequence estimates from Henn et al. (17) by using a least-squares method of residuals to characterize both phases of the mutation rate using the same equation. For the equilibrium mutation rate (after the within-human rate decay has occurred), we estimated the human-chimpanzee phylogeny-based rate at 1.28 χ 10~8/bpyr~' consistent with other estimates of full coding region sequence (40, 41) but scaled to a human-chimpanzee divergence of 6.5 million ya. The mutation rates were calibrated by using archaeological dates for first colonization events (e.g., such as the colonization of Polynesia and Taiwan). Mutation rates obtained in this manner incorporate the effects of purifying selection and demography because they are based on actual, empirical estimates.
To calibrate each coalescent event to the correct time-dependent mutation rate, we first estimated an approximate time interval "t" for a given genetic MRCA "d" by (t s d/μ^ where the approximate mutation rate is the human-chimpanzee rate (μ^ = 1.28 χ 10"8/bpyr"1). Then, assuming the estimated t, we adjusted the mutation rate using the equation below, where μςβι indicates the adjusted mutation rate. μω, = 1.28x10-8 + 1.73x10-8(e-472x10'5f) Using the adjusted rate, we can then estimated a calibrated time of divergence:
Several papers have suggested evidence for selective pressures on the mitochondrial genome (42) . Our selection of datasets for skyline analysis minimizes lineage-specific biases and, indeed, we saw no evidence from the BEAST output to reject our null hypothesis of a homogeneous clock across branches. Modeling the coalescent in this manner does not allow for testing of a systematic mutational rate slowdown across all lineages, so it is better to account for the changing mutation rate via postprocessing of the BEAST estimates by using the process above.
Population Growth Rate Calculations. Using the population growth curves generated from BEAST (see above), we calculated the rate of population growth per year. Each Skyline plot consisted of 100 smoothed data points, at »300-500 y intervals. For the Holocene period, population size increase was preceded by a brief period of stationary size or even decrease. The initial population size No was set as the minimum population size during the period immediately preceding population growth. For the Upper Paleolithic and LGP skyline plots, population size tended to increase very slowly for thousands of years before the punctuated growth curve. We therefore chose the interval when population size began to increase significantly by visual examination. We also estimated the population growth rate for the interval in our data where growth was the fastest (Table 1) . We chose the exponential growth equation rather than a logistic growth equation for this analysis: ln(/vy/Vo) where "r" represents the population growth rate per year, "No" is the initial population size and t the amount of time since growth began. The logistic growth equation incorporates a carrying capacity parameter "K" and it is unclear how carrying capacity should be interpreted from coalescent analysis of growth curves when multiple groups of individuals are occupying the same niche.
